Abstract: In this paper, a diagram illustrating the combined circadian effect and mesopic vision effect caused by cirtopic, scotopic, and photopic photoreceptors, i.e., a vision effect diagram, was established using a chromaticity diagram based on L, M, and S cone cells for reference. The characteristics of the vision effect diagram were studied, and many features were found to be similar to those of the reference chromaticity diagram. The relationship between the vision effect and the chromaticity diagrams was also studied to ensure that the circadian and mesopic vision effects would be present in the desired chromaticity range. The vision effect diagram is a mathematical tool that can be used to calculate and predict circadian and mesopic vision effects of light sources, as well as to optimize light sources to induce these effects. Optimized light sources with both desirable circadian and mesopic vision effects would not only be useful when these two vision effects are stimulated together but would do well in future smart light-emitting diode (LED) lighting with adjustable luminance in many outdoor applications as well.
Introduction
Humans have three kinds of photoreceptors: cones, rods, and intrinsically photosensitive retinal ganglion cells (ipRGCs) [1] , which are related to photopic, scotopic, and cirtopic vision, respectively. These three types of photoreceptors exhibit different sensitivity functions in the visible light range. The wavelengths of maximum sensitivity for photopic and scotopic occur near 555 nm and 507 nm. For cirtopic vision, because the properties of circadian visual sensitivity in humans have not been very well established, according to [2] - [5] , maximum sensitivity may be around 460 nm.
Three kinds of vision have also been defined by their luminance levels and related to the activation of cones and rods as follows. Photopic, scotopic, and mesopic vision correspond to luminances of more than 5 cd/m 2 , less than 0.005 cd/m 2 , and 0.005-5 cd/m 2 and the activation of cones, rods, and both cones and rods, respectively. Mesopic vision is dominant in most outdoor lighting situations, such as those present while driving, as well as in some indoor situations, such as in medical rooms. The S=P ratio, which is the ratio of the efficiency of scotopic vision to that of photopic vision, is used to express how light sources perform under such conditions. Cirtopic vision mainly influences the human circadian rhythm, is related to human health and well-being [6] , and has been studied extensively since the discovery of ipRGCs. The C=P ratio [2] , which is the ratio of the efficiency of cirtopic vision to that of photopic vision, has been defined to describe light sources' circadian (or non-visual biological) effects on human beings. Circadian effect is more activated in relative high luminance.
Because the S=P and C=P ratios describe two different vision effects, mesopic and circadian vision effect, and luminance ranges for these two effects to be stimulated do not overlap much, light sources are optimized for each effect individually in the past [7] - [9] . With the development of smart lighting [6] , outdoor lighting would increasingly be replaced with luminance adjustable light-emitting diodes (LEDs) to satisfy different application requirements and for energy saving concerns. For example, luminance should be adjusted to photopic vision range for safety when there are more vehicles and pedestrians on the road and dimmed with vehicles reducing for energy conservation. The objective of this research is to unite all of the aforementioned vision effects by establishing a diagram. Because the diagram is related to the two vision effects, it is named as vision effect diagram. We use data by Gall [2] in this study, and the diagram proposed herein should be refined, depending on the development of circadian visual sensitivity. These two vision effects may work individually, the diagram proposed is just a mathematical tool to help achieve ideal spectrum with both ideal S=P and C=P ratios. Former research [10] , [11] have proposed a mesopic melatonin suppression index to measure relative influence of these two vision effects, but it could only be used for evaluation, not be able to optimize light source as the vision effect diagram. Circadian action increases with increasing retinal irradiance, and only in mesopic vision luminance range both two effects occur [10] , under which condition circadian effect may be not very obvious. These two effects do not need to be stimulated at the same time for smart LED lighting. Smart LED lighting used outdoors could be adjustable and would stimulate different vision effects at different luminance levels. A high C=P ratio light source would keep people alert, whereas a low one would be good for the circadian effect and health [12] , and a high S=P ratio light source would be helpful for energy conservation in the mesopic vision luminance range.
Establishment of Vision Effect Diagram
The vision effect diagram was established in a manner similar to that employed to obtain chromaticity diagrams. Using the CIE 1964 XYZ color space for reference, the color matching functions were defined as x ðÞ, y ðÞ, and zðÞ, and the vision matching functions, introduced by the authors, for the vision effect diagram were defined as cðÞ, sðÞ, and pðÞ, as shown in Fig. 1 for the 400-700 nm wavelength range. Here, cðÞ, sðÞ, and pðÞ were normalized using CðÞ [2] , V 0 ðÞ, and V ðÞ, which are spectral sensitivity functions corresponding to cirtopic, scotopic and photopic visions, respectively, though slight modifications were made in the 400-415 nm wavelength range for V 0 ðÞ to ensure the smoothness of the resulting diagram in that region. Specifically, V 0 ðÞ values of 0.0093, 0.02205, and 0.0657 replaced 0.0091, 0.01905, and 0.0457 at 400 nm, 405 nm, and 415 nm, respectively, while no change was made at 410 nm. The reason for the modifications would be explained detailedly below in this section.
The tristimulus values C, S, and P were derived from cðÞ, sðÞ, and pðÞ, respectively, as follows:
C ¼ R 700 400 P e ðÞ cðÞd S ¼ R 700 400 P e ðÞ sðÞd P ¼ R 700 400 P e ðÞ pðÞd
where P e ðÞ is the spectral power distribution of light source. Then, c, s, and p were defined as
Based on the derived functions, the vision effect diagram shown in Fig. 2 was established. To differ from terms defined in chromaticity diagram, terms in vision effect diagram would be added by cirtopic-scoptopic-photopic (CSP) in front, i.e., CSP spectrum locus. However, in the short wavelength part in the range 400-420 nm, the CSP spectrum locus does not transit smoothly. To make it transit smoothly, we should guarantee parameter c and s in (2) to satisfy c=s increases monotonically. We made slightly modification on V 0 ðÞ, and the diagram is smooth in the corresponding region as shown in Fig. 3 . The modification had minimal influence on the calculated S=P ratios since the human eye is not sensitive in the modified region and since the modification was trivial. In the example in Section 5 below, there is no influence on C=P ratio and only 0.016% error on S=P ratio. Blackbody radiation light sources have also been drawn on the diagram as CSP Planckian loci for reference. cðÞ, sðÞ, and pðÞ. Region corresponding to 585-to 700-nm wavelengths is straight, as cðÞ = 0 in this range. In the very short wavelength part, the CSP spectrum locus does not transit very smoothly, as shown in the enlarged part. 
C=P and S=P Ratio Contours
To assess the circadian and mesopic vision effects together, the C=P and S=P ratios were calculated using
where and are coefficients in the range (0, 2], because there are few light sources for which these parameters would exceed 2. Then, the C=P ratios satisfy the linear function
while the S=P ratios satisfy the linear function
For different values of and , the C=P and S=P ratio contours are presented in Fig. 4 . According to (4) and (5), all of the C=P ratios should pass through (0, 1), and all of the S=P ratios should pass through (1, 0). By calculating the CSP coordinates of a light source, the contour map can be used intuitively to determine the vision effects caused by the light source. Based on the CSP Planckian locus, it is evident that high-color-temperature light sources are likely to have high C=P and S=P ratios, while low-color-temperature light sources are likely to have low ratios.
Characteristics of the Vision Effect Diagram
The characteristics of the vision effect diagram were then studied. Because the vision effect diagram was obtained through a process very similar to that used to establish chromaticity diagrams, spectra can be added in the vision effect diagram as they can in a chromaticity diagram. If there are n spectra to synthesize, the tristimulus values can be obtained using
where C c , S c , and P c are the tristimulus values of the composite spectra; P e 1 ; . . . P e i . . . ; P e n are the power spectra of the light sources; P e i is the ith spectrum power, where i ranges from 1 to n; and C i , S i , and P i are the tristimulus values of the ith spectrum. Then, the CSP coordinates of the composite spectrum, c c and s c , can be obtained as follows:
By employing the vision effect diagram, it is possible to obtain an ideal spectrum that simultaneously optimizes both the C=P and S=P ratios. However, in actual applications, light sources have limited chromaticity ranges. Thus, it is necessary to determine the relationship between the vision effect diagram and color gamuts.
Suppose there are m ðm ! 2Þ spectra to be synthesized and that they have the CSP and chromaticity coordinates shown in Fig. 5(a) and (b) , respectively. Because both of the diagrams are additive, synthesized spectra would be limited to within the gamut area. To limit the chromaticity in this study, n 0 ðn 0 ! 2Þ new spectra were generated from the original m spectra, creating a new color gamut area based on which a new CSP gamut area was obtained. Optimizing the C=P and S=P ratios using the newly generated spectrum enabled them to be optimized while conforming to the chromaticity requirement. However, the chromaticity limitation caused the C=P and S=P ratios to be somewhat less than their optimal values.
Example for Optimization on Vision Effect Diagram
As an example, suppose we needed to maximize the C=P and S=P ratios simultaneously to produce optimum vision performance by using three LEDs' spectra [13] , a, b, and c, which had peak wavelengths of 450 nm, 510 nm, and 610 nm respectively. Each spectrum had a full width at half-maximum of 30 nm based on the relationship between the chromaticity and vision effect diagrams. The optimization process was as follows. 1) The CSP and chromaticity coordinates a, b, and c were drawn on the corresponding diagrams.
2) The chromaticity limitations on the new spectra, a', b', and c', were set within the color gamut on the chromaticity diagram, and the resulting spectra, a', b', and c', were obtained by the color-mixing process.
3) The CSP coordinates of the generated spectra a', b', and c' were calculated and drawn on the vision effect diagram. 4) A CSP coordinate d within the CSP gamut of the contour map of the C=P and S=P ratios was identified that would optimize both ratios simultaneously, and the optimized spectrum was obtained using the mixing process on the vision effect diagram. 5) The chromaticity coordinate d was calculated precisely using the optimized spectrum, and the exact C=P and S=P ratios were determined. The whole process is illustrated in Fig. 6 . The optimized LED spectrum was found have a C=P ratio of 1.06 and an S=P ratio of 1.14 at a correlated color temperature of 4683 K. The results, for S=P ratio, are exactly 1.139048 and 1.139232 respectively before and after modification on V 0 ðÞ, only 0.016% error occurs. Such an optimized LED with high C=P ratio would keep people alert in relative high luminance level, and with high S=P ratio would be of high efficiency in mesopic vision luminance range. Generally, in outdoor lighting, S=P ratio should be maximized for energy saving concern, but whether C=P ratio should be maximized or minimized depends on application requirements for alertness or health concern.
Conclusion and Discussion
In this work, a vision effect diagram was established by using a chromaticity diagram for reference and considering three kinds of vision photoreceptors. Furthermore, a contour map of the C=P and S=P ratios, which correspond to circadian effects and mesopic vision effects, respectively, was obtained. The characteristics of the vision effect diagram were studied first; then, the diagram was used to optimize both vision effects simultaneously. The vision effect diagram provides an intuitive means of understanding the relationships between vision effects and spectra and enables the optimization of different effects. More characteristics, i.e., purity, function relations of spectra synthesizing between vision and chromaticity diagram, of the vision effect diagram should be studied in further research work.
The distribution of rods, cones and ipRGCs are different in the retina, cones are mainly in the fovea part, and rods and ipRGCs mainly exist in the periphery of the retina. The vision effect diagram in this study is purely established by mathematical method, and does not explore interrelation of different vision effects. Coordinate ðc; sÞ does not represent something like ðx ; y Þ representing color, but S=P and C=P contours are meaningful and correspond to two vision effects. Therefore, vision effect diagram is just a mathematical tool helps to understand light sources' performance on these two effects and spectrum optimization of LEDs, regardless of how photoreceptors work. The two vision effects, mesopic vision effect and circadian effect work individually, and the results in the example in Section 5 calculated from the diagram are consistent to those calculated from C=P and S=P ratio formulas, respectively. The diagram could be used for optimization of LEDs for both vision effects.
The S=P ratio is closely related to mesopic vision, which covers a small luminance range. The C=P ratio, which is related to circadian effect, may be more activated at a relative high luminance level, and play less important part at relative low luminance level. Generally, the work may contribute to three aspects. First, the diagram would be a very good tool to help choosing light sources for different applications. With calculated coordinates ðc; sÞ of different light sources on the diagram, circadian and mesopic vision effects performance of LEDs or other light sources are intuitively described, and they can be classified for different applications. Second, in some outdoor lighting applications, these two effects may work simultaneously in mesopic vision luminance range, although circadian effect may not be very obvious due to low luminance, and they should be considered together. Third, the work would be very helpful for smart LED lighting. Smart lighting for urban lighting has become a trend, luminance of LED lighting should be adjustable in terms of application requirements at different periods of time in the night. At different luminance levels, different vision effects play more important part. An optimized LED with both ideal S=P ratio and C=P ratio would do good to future smart LED lighting applications.
However, due to the lack of refined circadian visual sensitivity model, the diagram proposed may be not very mature. The diagram should be updated together with the circadian visual sensitivity model.
